Introduction {#sec1}
============

The ability to efficiently and inexpensively generate hydrogen gas is essential to its proposed adoption as a sustainable, secure, and clean next-generation alternative energy carrier.^[@ref1],[@ref2]^ Various methods exist for producing hydrogen fuel,^[@ref2]^ but among these, water electrolysis (ideally driven by solar energy^[@ref3]−[@ref7]^) is most attractive. By electrocatalytically splitting water to give clean hydrogen fuel, no harmful byproducts are released; then, upon its consumption in the presence of air, only energy and water are produced.^[@ref7]^ Numerous inorganic materials have been investigated as potential hydrogen evolution reaction (HER) electrocatalysts,^[@ref8]^ but none so far match both the performance and stability of the noble metals, particularly platinum.^[@ref9]^ However, the scarcity and high cost of the noble metals inhibit the large-scale deployment of energy conversion technologies that utilize noble metal electrocatalysts.^[@ref10]^ By replacement of such precious metal electrocatalysts with high-performance substitutes composed entirely of earth-abundant elements,^[@ref8],[@ref11]−[@ref27]^ the cost of electrochemical and photoelectrochemical hydrogen production could be considerably reduced.

Through substantial (and ongoing) research efforts, a number of earth-abundant materials have been identified as promising candidate HER electrocatalysts,^[@ref8]^ including MoS~2~,^[@ref11]−[@ref13]^ WS~2~,^[@ref14],[@ref15]^ amorphous MoS~*x*~,^[@ref16],[@ref17]^ amorphous Co--S,^[@ref18]^ FeP,^[@ref19]^ CoP,^[@ref20]^ Ni~2~P,^[@ref21]^ Co~0.6~Mo~1.4~N~2~,^[@ref22]^ and the Ni--Mo alloys,^[@ref23],[@ref24]^ among others. The cubic pyrite-phase transition metal dichalcogenides (with the general formula MX~2~, where typically M = Fe, Co, or Ni and X = S or Se) have only recently emerged as efficient HER electrocatalysts,^[@ref25]−[@ref28]^ despite the suggestion over 20 years ago that they could catalyze the HER.^[@ref29]^ Within the family of transition metal pyrites, iron disulfide (iron pyrite, FeS~2~; "fool's gold"), cobalt disulfide (cobalt pyrite, CoS~2~; cattierite), and nickel disulfide (nickel pyrite, NiS~2~; vaesite) are common and well-studied minerals. Composed of first-row transition metals and rock-forming chalcogens, the transition metal pyrites are very abundant and inexpensive, making them particularly interesting as materials for energy conversion applications. For example, semiconducting FeS~2~ is presently under intense investigation as a potential earth-abundant solar light absorber.^[@ref30]−[@ref32]^ The electrocatalytic properties of FeS~2~ have also been leveraged in dye-sensitized solar cells (DSSCs),^[@ref33]^ with nanorod arrays^[@ref34]^ and thin film electrodes prepared from a nanocrystal ink^[@ref35]^ enabling device performance competitive with that achieved using platinum counter electrodes. Similarly, both FeS~2~ and (Fe,Co)S~2~ alloys have been investigated as oxygen reduction reaction (ORR) electrocatalysts.^[@ref36]^ Both FeS~2~^[@ref37]^ and CoS~2~^[@ref38]^ are also promising electrode materials for lithium-ion batteries. Unlike the semiconducting pyrites, CoS~2~ is intrinsically a conductive metal, allowing it to be used directly as an electrode material. This has been demonstrated through the use of CoS~2~ thin films synthesized directly on glass as highly effective counter electrodes^[@ref39]^ in quantum dot-sensitized solar cells (QDSSCs)^[@ref40],[@ref41]^ that employ the sulfide/polysulfide redox electrolyte as the hole-transporting medium. Graphene-based composite electrodes incorporating CoS~2~ nanoparticles have also proven effective in reducing triiodide in DSSCs, exhibiting performance superior to that of platinum.^[@ref42]^ Recently, we employed nanostructuring strategies to further increase the activity of CoS~2~ electrodes toward both polysulfide and triiodide reduction.^[@ref26]^ In this same work, thin films, microwires, and nanowires of CoS~2~ prepared directly on conducting graphite supports were shown to exhibit excellent electrocatalytic activity toward the HER, with micro- and nanostructuring of the CoS~2~ material synergistically enhancing both performance and stability.^[@ref26]^ As with FeS~2~, CoS~2~ thin films and nanocrystals have also been investigated as ORR electrocatalysts,^[@ref43]−[@ref45]^ further establishing its generality as a high-performance electrocatalyst. More recently, hollow spheres of CoS~2~ and NiS~2~ have been used in supercapacitors,^[@ref46]^ as have NiS~2~ nanocubes.^[@ref47]^ These NiS~2~ nanocubes were also demonstrated as efficient cocatalysts for the photocatalytic production of hydrogen.^[@ref47]^

Here, we report the systematic investigation of the HER and polysulfide reduction electrocatalytic activity of various pyrite-phase transition metal disulfides, namely, FeS~2~, CoS~2~, NiS~2~, and their alloys. While each of the transition metal pyrites characterized here exhibits activity toward the HER, confirming the general electrocatalytic properties of the pyrites, we show that their performance (as measured by their ability to enable high catalytic current densities at low overpotentials) tends to increase with increasing cobalt content, with CoS~2~ being superior, suggesting a special role for cobalt in facilitating the HER. We have similarly compared the polysulfide reduction activity of FeS~2~, NiS~2~, and an alloy thereof to that of CoS~2~ and identified NiS~2~ as possessing particularly high activity. Furthermore, we suggest that alloying may be an effective and general method for enhancing the electrocatalytic activity of the transition metal pyrites due to the introduction of structural disorder, which could increase their areal density of active sites for catalysis.

Experimental Methods {#sec2}
====================

All chemicals were purchased from Sigma-Aldrich and used without further purification, unless otherwise noted.

Substrate Preparation {#sec2.1}
---------------------

Graphite disk substrates (6.0 mm diameter, \<1 mm thick) were prepared by cutting and mechanically thinning slices of a graphite rod (Ultra Carbon Corp., Ultra "F" purity). Each slice of the graphite rod was abraded on both sides with SiC paper (Allied High Tech Products, Inc.; 320 grit) until a thin disk was obtained. Then one side of each graphite disk substrate was polished to a specular finish using 1200 grit SiC paper. The polished graphite disks were cleaned by sequential sonication (100 W) in neutral distilled water (Thermo Scientific, Barnstead Nanopure, 18.2 MΩ cm) for 10 min, then in aqua regia (3:1 HCl(aq)/HNO~3~(aq)) for 10 min, and again in fresh distilled water for 10 min to remove loose graphite dust and any metal impurities. Finally, the clean graphite disks were dried in a forced-air convection oven at 120 °C.

Borosilicate plate glass substrates (1.5 cm × 3.0 cm, 3.3 mm thick) were manually roughened on one side with SiC paper (320 grit) for several minutes and then ultrasonically cleaned (100 W) for 30 min in a detergent solution (Fisher Scientific, Versa-Clean, diluted 1:4 with deionized water). The glass substrates were then thoroughly rinsed with distilled water and ethanol and then blown dry under a stream of nitrogen. Finally, the substrates were oxygen plasma cleaned (150 W rf, \<200 mTorr, 1 sccm O~2~, 3 min) to remove any organic residues.

Transition Metal Pyrite Thin Film Synthesis {#sec2.2}
-------------------------------------------

For the binary transition metal pyrite thin films on graphite, a 30 nm thick film of the corresponding high-purity metal (Kurt J. Lesker, ≥99.95%) was deposited onto the polished side of clean graphite disk substrates at a rate of 0.3 Å s^--1^ by electron-beam evaporation. An alloy film consisting mostly of Ni and Fe was deposited by electron-beam evaporating 30 nm of permalloy ("Py", HyMu 80 alloy: 80.00 Ni, 4.20 Mo, 0.50 Mn, 0.35 Si, 0.02 C, balance Fe) onto graphite disk substrates. To prepare iron/cobalt and nickel/cobalt pyrite alloy films, metal bilayers consisting of 15 nm of Fe over 15 nm of Co or 15 nm of Ni over 15 nm of Co, respectively, were sequentially electron-beam evaporated onto graphite disk substrates.

To convert the metal films to their corresponding disulfide, a simple thermal sulfidation procedure was used.^[@ref26],[@ref39]^ Briefly, the metalized substrates were loaded into the center of a fused silica tube on a home-built flow reactor equipped with both pressure and gas flow controllers. An alumina boat containing 2 g of S powder (99.5--100.5%) was placed in the tube at the farthest upstream position within the tube furnace (Lindberg/Blue M, TF55035A-1). The tube reactor was then purged of air and maintained at a slight positive pressure of 780 Torr under a steady flow of Ar carrier gas (99.999%) at 25 sccm. To initiate the conversion, the furnace temperature was ramped from room temperature to 500 °C at a rate of approximately 60 °C min^--1^ and held for 1 h. Then the tube furnace was opened to allow natural cooling of the sample back to room temperature under Ar flow.

Electrodes for the fabrication of symmetrical electrochemical cells were prepared by electron-beam evaporating 50 nm of Fe, Co, Ni, or Py onto borosilicate glass substrates coated with a ∼180 nm thick conducting CoS~2~ film (prepared by thermally sulfidizing a 100 nm thick Co film^[@ref39]^). Then these metal films were thermally sulfidized (using the same procedures described above) to yield FeS~2~, CoS~2~, NiS~2~, or permalloy pyrite ("PyS~2~") thin films, respectively, electrically contacted directly by the underlying metallic CoS~2~ film.

Materials Characterization {#sec2.3}
--------------------------

The as-synthesized pyrite films on graphite were characterized using a LEO SUPRA 55 VP field-emission scanning electron microscope operated at 5 kV and a Thermo Scientific DXR Raman microscope fitted with 532 nm excitation laser. X-ray photoelectron spectroscopy (XPS) was performed on the as-synthesized pyrite films on graphite using a Thermo Scientific K-Alpha XPS system with an Al Kα source. X-ray diffraction (XRD) patterns of the thicker pyrite films on glass were acquired on a Bruker D8 ADVANCE powder XRD using Cu Kα radiation. The XRD pattern background was fit to a cubic spline and subtracted using the Jade 5 software (Materials Data, Inc.).

Electrochemical Characterization of Electrocatalytic Activity toward the HER {#sec2.4}
----------------------------------------------------------------------------

All electrochemical characterizations of HER activity were performed in a three-electrode configuration and recorded using a Bio-Logic SP-200 potentiostat. Each measurement was performed in 0.5 M H~2~SO~4~(aq) electrolyte continuously purged with H~2~(g) (99.999%) using a saturated calomel reference electrode (SCE) (CH Instruments) and a graphite rod (National Carbon Co., AGKSP Spectroscopic Electrode) as the counter electrode. After characterization of pyrite film electrocatalytic activity toward the HER, the SCE was calibrated against the reversible hydrogen electrode (RHE) using platinum wire (Kurt J. Lesker, 99.99%; 0.50 mm diameter) as both the working and counter electrodes. The working electrode in each measurement was a pyrite thin film coated graphite disk sample mounted on a fluoropolymer (PCTFE) encased glassy carbon disk electrode using silver paint (Ted Pella, PELCO colloidal silver). Cyclic voltammograms (CVs) were recorded for each electrode from approximately +0.10 to −0.24 V vs RHE at a scan rate of 2 mV s^--1^, repeating this scan at least twice. Note that CV peaks that could be attributed to hydrogen underpotential deposition were not observed and the capacitive background currents were stable upon repeated cycling. Then electrochemical impedance spectroscopy (EIS) was performed in potentiostatic mode at −0.19 V vs RHE, applying a sinusoidal voltage with an amplitude of 10 mV and scanning frequency from 200 kHz to 50 mHz. The EIS spectra were modeled using a simplified Randles equivalent circuit consisting of a resistor in series with a parallel arrangement of a constant phase element and a second resistor for the purpose of extracting the series resistance associated with each electrode. This series resistance (*R*) represents all ohmic losses throughout the measurement setup, including the wiring, electrode, electrocatalyst, and solution resistances and enables their contributions to the measured overpotentials (*IR*) to be subtracted.^[@ref26]^ All polarization curves were corrected for background current and *IR* losses, as described in detail previously,^[@ref26]^ and those presented here depict representative electrode behavior.

Symmetrical Cell Fabrication and Electrochemical Characterization {#sec2.5}
-----------------------------------------------------------------

Symmetrical electrochemical cells were fabricated using freshly prepared pyrite film electrodes on glass and characterized in a two-electrode configuration using procedures described elsewhere.^[@ref26],[@ref39]^ The sulfide/polysulfide electrolyte filled into the symmetrical cells consisted of 2 M Na~2~S·9H~2~O (≥99.99%) and 2 M S in aqueous solution. To ensure good electrical contact to the pyrite-phase electrocatalyst film on each electrode, the top pyrite film was lightly scratched using SiC paper and electrical contacts were applied directly to the underlying CoS~2~ film using silver paint.

Results and Discussion {#sec3}
======================

Pyrite Thin Film Synthesis and Structural Characterization {#sec3.1}
----------------------------------------------------------

The simplicity and generality of the thermal sulfidation procedure described here allow metallic thin films of iron, cobalt, nickel, and permalloy (which primarily consists of nickel and iron), as well as bilayer iron/cobalt and nickel/cobalt films, to be converted to their corresponding pyrite-phase disulfides using the same synthesis conditions ([Experimental Methods](#sec2){ref-type="other"}). The resulting transition metal pyrite thin films adhere well to and uniformly cover the substrate surface (either graphite or glass). Two types of samples were prepared: thin pyrite films (less than 50 nm in thickness) on conductive graphite substrates for direct characterization of their HER electrocatalytic activity, and thick bilayer pyrite films on glass substrates for the assessment of their activity toward polysulfide reduction in symmetrical electrochemical cells ([Experimental Methods](#sec2){ref-type="other"}). The thin pyrite-phase electrocatalyst films on graphite do not permit direct phase identification by X-ray diffraction (XRD) because of the low-signal pyrite diffraction peaks being overwhelmed by the reflections from the graphite support; however, the thicker films on glass clearly establish the formation of pyrite-phase products via thermal sulfidation (Figure [1](#fig1){ref-type="fig"}). In these diffraction patterns, the most intense peaks result from the underlying CoS~2~ film on glass (Figure [1](#fig1){ref-type="fig"}a), which provides electrical contact to the uppermost pyrite-phase electrocatalyst layers. Peak broadening and/or the appearance additional peaks adjacent to the primary CoS~2~ peaks results from the presence of a FeS~2~, NiS~2~, or PyS~2~ overlayer (Figure [1](#fig1){ref-type="fig"}b--d). Because the pyrite phases are isostructural with one another and possess very similar lattice constants, XRD reaches its resolution limit and cannot effectively differentiate the pyrite-phase products, particularly in the case of FeS~2~ and CoS~2~ (Figure [1](#fig1){ref-type="fig"}b).

![X-ray diffraction (XRD) patterns of as-prepared pyrite-phase (a) CoS~2~, (b) FeS~2~, (c) NiS~2~, and (d) PyS~2~ electrocatalyst thin films over a CoS~2~ film on glass. In each panel, the standard diffraction patterns for CoS~2~ (JCPDS 41-1471), FeS~2~ (JCPDS 65-3321), and/or NiS~2~ (JCPDS 65-3325) appear below the experimental pattern.](jp-2014-06288w_0001){#fig1}

Moreover, in the case of the permalloy and bilayer metal precursor films on graphite, pyrite-phase alloy thin films are obtained upon thermal sulfidation due to mixing of the metal species, further complicating their structural characterization by XRD. To effectively differentiate the different transition metal disulfide thin films on graphite, we instead used Raman spectroscopy both to verify the formation of pyrite-phase products and to qualitatively evaluate their composition and crystallinity. The Raman spectra of the thinner transition metal pyrite and pyrite alloy films on graphite are shown in Figure [2](#fig2){ref-type="fig"}. The Raman spectra for the FeS~2~, CoS~2~, and NiS~2~ thin films are in strong agreement with previous reports on the corresponding phase-pure pyrites,^[@ref31],[@ref43]^ with the sharp peaks associated with the distinct vibrational modes of the pyrite structure indicating long-range crystalline ordering. In contrast, the Raman peaks of the PyS~2~ thin film are very broad, possibly owing to the alloying of multiple metal sulfides upon thermal sulfidation of permalloy; however, the primary peaks at 464 and 480 cm^--1^ likely result from a composition consisting primarily of NiS~2~, while the peak at 382 cm^--1^ might indicate the presence of FeS~2~. More importantly, the peaks are substantially broadened and reduced in intensity as compared to those of the binary pyrites, indicating greater structural disorder in the alloy film. Similarly, the Raman spectrum for the (Fe,Co)S~2~ thin film shows a broad peak centered around 371 cm^--1^ which is likely the result of approximately equal contributions from the primary CoS~2~ peak at 393 cm^--1^ and the most intense FeS~2~ peaks at 377 and 342 cm^--1^. Likewise, a very broad peak centered at 433 cm^--1^ appears in the Raman spectrum of the (Co,Ni)S~2~ thin film owing to contributions from both CoS~2~ and NiS~2~ in a randomly mixed alloy. The increased full width at half maximum of this primary Raman feature suggests that the (Co,Ni)S~2~ films might possess even greater structural disorder than the (Fe,Co)S~2~ films. Had these pyrite-phase alloy thin films instead consisted of a bilayer (or mixture) of two distinct pyrite phases, we would have observed a simple superposition of the Raman spectra corresponding to the two phase-pure binary pyrites.

![Raman spectra for iron pyrite (FeS~2~, black trace), cobalt pyrite (CoS~2~, red trace), nickel pyrite (NiS~2~, blue trace), "permalloy pyrite" \["PyS~2~" or "(Fe,Ni)S~2~", green trace\], iron/cobalt pyrite \[(Fe,Co)S~2~, orange trace\], and cobalt/nickel pyrite \[(Co,Ni)S~2~, violet trace\] thin films prepared on graphite disk substrates.](jp-2014-06288w_0002){#fig2}

The Raman spectra confirm the formation of pyrite-phase products for the binary disulfides and strongly suggest the presence of pyrite-phase alloys for the other thin films, but they do not permit quantification of the surface composition of the alloys, which is particularly relevant in electrocatalysis. For the pyrite-phase alloy thin films on graphite, the exact ratio of transition metals at the film surface was determined using X-ray photoelectron spectroscopy (XPS) (Figure [3](#fig3){ref-type="fig"}). Integration and comparison of the Fe 2p and Co 2p or Ni 2p and Co 2p signals revealed alloy compositions of (Fe~0.48~Co~0.52~)S~2~ and (Co~0.59~Ni~0.41~)S~2~, respectively, for the thin films prepared by thermal sulfidation of the corresponding metal bilayers, confirming that there is substantial mixing of the metal films upon thermal sulfidation. Similarly, comparing the Ni 2p and Fe 2p peaks in the PyS~2~ XPS spectrum revealed an approximate surface composition of "(Fe~0.07~Ni~0.93~)S~2~" (not accounting for other minor species that may be present), consistent with the nickel-rich composition of permalloy.

![X-ray photoelectron spectroscopy (XPS) survey spectra of the pyrite-phase transition metal disulfide alloy thin films formed by thermally sulfidizing a permalloy film (bottom green trace), an iron/cobalt metal bilayer (middle orange trace), or a nickel/cobalt metal bilayer (top violet trace), which yield alloy compositions of "(Fe~0.07~Ni~0.93~)S~2~" (which is roughly commensurate with the composition of permalloy, not accounting for minor species), (Fe~0.48~Co~0.52~)S~2~, and (Co~0.59~Ni~0.41~)S~2~, respectively.](jp-2014-06288w_0003){#fig3}

Scanning electron microscopy (SEM) of the pyrite-phase thin films on graphite reveals that the as-sulfidized films generally consist of uniform nanocrystalline grains sintered together to cover the substrate surface (Figure [4](#fig4){ref-type="fig"}), as previously reported.^[@ref26],[@ref39]^ The morphologies of the pyrite-phase thin films prepared on glass are very similar. While the polycrystalline pyrite-phase thin films all exhibit essentially the same appearance, there are important morphological differences that distinguish them from one another. In particular, the NiS~2~ grains, which are typically 80--200 nm in diameter and sintered into clusters to form a porous film, are substantially larger than those of FeS~2~ or CoS~2~. Consistent with this observation, the other pyrite-phase films that contain a substantial amount of nickel, namely, PyS~2~ and (Co~0.59~Ni~0.41~)S~2~, also show the clustering of grains to give a more open film structure. Similarly, the (Fe~0.48~Co~0.52~)S~2~ films feature both the compact morphology of the CoS~2~ films and the larger grain size of the FeS~2~ films.

![Scanning electron microscopy images of representative (a) FeS~2~, (b) CoS~2~, (c) NiS~2~, (d) PyS~2~, (e) (Fe~0.48~Co~0.52~)S~2~, and (f) (Co~0.59~Ni~0.41~)S~2~ thin films prepared on graphite disk substrates depicting their small-grain polycrystalline texture.](jp-2014-06288w_0004){#fig4}

Electrocatalytic Performance of Pyrite Thin Films toward the HER {#sec3.2}
----------------------------------------------------------------

By direct synthesis of the pyrite-phase electrocatalyst thin films on conducting graphite disk substrates, their electrocatalytic activity toward the HER can be easily assessed using standard electrochemical techniques. These characterizations were performed by interfacing the graphite-supported thin films with a glassy carbon disk electrode and measuring their voltammetric behavior in 0.5 M H~2~SO~4~(aq) electrolyte continuously purged with H~2~(g) in a three-electrode electrochemical measurement ([Experimental Methods](#sec2){ref-type="other"}). Linear sweep voltammetric polarization curves showing the electrocatalytic current density (*J*) produced by each of the pyrite-phase electrocatalyst thin film electrodes plotted against the applied potential appear in Figure [5](#fig5){ref-type="fig"}a,b.

![Electrochemical characterization of the catalytic activity of FeS~2~ (black traces and circle markers), CoS~2~ (red traces and square markers), NiS~2~ (blue traces and down-pointing triangles), PyS~2~ (green traces and up-pointing triangles), (Fe~0.48~Co~0.52~)S~2~ (orange traces and thin diamond markers), and (Co~0.59~Ni~0.41~)S~2~ (violet traces and diamond markers) thin films prepared on graphite disk substrates toward the HER. Polarization curves (corrected for background currents and *IR* losses) over (a) wider and (b) narrower ranges of current density comparing the performance of the pyrite-phase electrocatalyst thin films. The dashed trace presents the NiS~2~ data normalized by its relative surface area. (c) Tafel analysis of the data presented in panel a, with the specific Tafel slopes given in the figure legend. (d) Plot showing the method of extracting the double layer capacitance (*C*~dl~) for each electrode.](jp-2014-06288w_0005){#fig5}

Figure [5](#fig5){ref-type="fig"}a illustrates that all of the pyrite-phase thin films enable the electrocatalytic evolution of hydrogen gas, as indicated by the onset of current and the formation of bubbles at the electrode surface under cathodic bias. However, there is a marked difference in performance among the electrocatalysts, as highlighted in Figure [5](#fig5){ref-type="fig"}b. If we measure the cathodic overpotential (η) required for the different electrocatalysts to drive the HER at 1 mA cm^--2^, we notice that it steady decreases in the order of NiS~2~ (η = 230 mV) to FeS~2~ (η = 217 mV) to PyS~2~ (η = 196 mV) to (Co~0.59~Ni~0.41~)S~2~ (η = 170 mV) to (Fe~0.48~Co~0.52~)S~2~ (η = 143 mV) to CoS~2~ (η = 128 mV), as summarized in Table [1](#tbl1){ref-type="other"}. These overpotentials are roughly consistent with the apparent shifts in the onset of catalytic current for the different electrocatalysts, which compare favorably with those previously reported in the literature for both pyrite-phase HER electrocatalysts^[@ref25]−[@ref27]^ and other earth-abundant HER electrocatalysts.^[@ref11]−[@ref24]^ While the (Fe~0.48~Co~0.52~)S~2~ and CoS~2~ thin films are able to achieve *J* = −10 mA cm^--2^ (at η = −196 mV and η = −192 mV, respectively), as shown in Figure [5](#fig5){ref-type="fig"}a, the lower performing electrocatalysts do not reach this current density over the range of applied overpotentials. As we have shown previously, transition metal pyrite thin films on graphite tend to delaminate under the conditions of rapid hydrogen evolution that accompanies high current densities,^[@ref26]^ so we intentionally limited our characterizations to permit only modest current densities. The best electrocatalytic performance displayed by these pyrite thin films is comparable to what could be achieved for the metallic 1T-MoS~2~ nanosheets^[@ref11]^ but lower than what was recently shown for the metallic 1T-WS~2~ nanosheets.^[@ref15]^ However, unlike the metastable 1T-MX~2~ nanosheets that need to be converted using lithium intercalation and exfoliation, the pyrite-phase electrocatalysts shown here are thermodynamically stable and, in the case of CoS~2~, intrinsically metallic.

Tafel analysis of the data presented in Figure [5](#fig5){ref-type="fig"}a,b reveals that the Tafel slopes of all of the pyrite-phase electrocatalysts lie in the approximate range of 50--60 mV decade^--1^ (Figure [5](#fig5){ref-type="fig"}c and Table [1](#tbl1){ref-type="other"}), consistent with previous reports.^[@ref25]−[@ref27]^ Interestingly, the highest-performing CoS~2~ film does not exhibit the highest intrinsic activity toward the HER, as indicated by its Tafel slope; it does, however, possess the highest geometric exchange current density (*J*~0,geometric~), which is characteristic of high electrocatalytic activity. The lowest-performing NiS~2~ film actually shows a lower Tafel slope, consistent with a previous report,^[@ref25]^ suggesting that NiS~2~ may in fact possess higher intrinsic activity toward the HER than CoS~2~. The *J*~0,geometric~ of NiS~2~ is the lowest among those measured, which rationalizes its relatively poor performance among these pyrite-phase electrocatalysts. To better resolve these trends in performance and intrinsic activity, we must also consider the effective electrochemically active surface area of each pyrite-phase electrocatalyst film, since it is known to affect overall HER performance.^[@ref26]^ The double-layer capacitance (*C*~dl~) of each pyrite-phase electrocatalyst film, which is proportional to its effective surface area, was extracted using cyclic voltammetry ([Experimental Methods](#sec2){ref-type="other"}), as shown in Figure [5](#fig5){ref-type="fig"}d. All of the pyrite-phase electrocatalyst thin films exhibit similar values of *C*~dl~, indicating comparable surface area, except NiS~2~, for which the *C*~dl~ was approximately one-third that of the other electrocatalyst films. When these values of *C*~dl~ are compared against that of the CoS~2~ film (the highest performing electrocatalyst), we see that the relative surface area of the NiS~2~ film is indeed about one-third that of the other pyrite films (Table [1](#tbl1){ref-type="other"}). This observation is consistent with their respective film morphologies as revealed by SEM (Figure [4](#fig4){ref-type="fig"}), where the NiS~2~ film grains are substantially larger, likely resulting in a lower overall effective surface area. If the polarization data corresponding to the NiS~2~ film are normalized by the relative electrode surface area, the trace (Figure [5](#fig5){ref-type="fig"}a,b, dashed blue line) is shifted closer to that of the PyS~2~ electrode (green line), consistent with the nickel-rich composition of the PyS~2~ film. The results of these electrochemical characterizations are summarized in Table [1](#tbl1){ref-type="other"}.

###### Summary of the Electrochemical Properties of the Different Pyrite-Phase Thin Film Electrocatalysts for the Hydrogen Evolution Reaction

  electrocatalyst                       *η* (mV vs RHE) for *J* = −1 mA cm^--2^   *η* (mV vs RHE) for *J* = −10 mA cm^**--2**^   Tafel slope (mV decade^--1^)   *J*~0,geometric~ (μA cm^--2^)   *C*~dl~ (mF cm^--2^)   relative surface area
  ------------------------------------- ----------------------------------------- ---------------------------------------------- ------------------------------ ------------------------------- ---------------------- -----------------------
  FeS~2~                                --217                                     N/A                                            56.4                           0.144                           3.59                   0.99
  CoS~2~                                --128                                     --192                                          52.0                           3.53                            3.62                   1.00
  NiS~2~                                --230                                     N/A                                            48.8                           0.0191                          1.20                   0.33
  PyS~2~ \["(Fe~0.07~Ni~0.93~)S~2~"\]   --196                                     N/A                                            58.7                           0.0469                          3.73                   1.03
  (Fe~0.48~Co~0.52~)S~2~                --143                                     --196                                          47.5                           0.959                           3.74                   1.03
  (Co~0.59~Ni~0.41~)S~2~                --170                                     N/A                                            50.4                           0.0476                          3.23                   0.89

The electrochemical characterizations of the pyrite-phase electrocatalysts shown in Figure [5](#fig5){ref-type="fig"} indicate that their performance tends to increase with the introduction of cobalt, with CoS~2~ exhibiting the highest overall performance, suggesting that cobalt may energetically modify the active sites for catalysis (perhaps like a "promoter" species in the MoS~2~ system^[@ref48]^) to facilitate the HER more effectively than iron or nickel. This is perhaps consistent with previous implications of the undercoordinated metal centers at low-index pyrite crystal faces, which resemble the active site of hydrogenase,^[@ref49]^ as being the active sites for HER electrocatalysis.^[@ref25]^ Interestingly, among the transition metal phosphide HER electrocatalysts, CoP^[@ref20]^ also exhibits superior performance as compared to Ni~2~P^[@ref21]^ and FeP.^[@ref19]^ Similarly, the controlled introduction of cobalt to δ-MoN to form the Co~0.6~Mo~1.4~N~2~ phase substantially boosts its electrocatalytic activity toward the HER.^[@ref22]^ These examples echo our observations of improved performance for HER electrocatalysts that contain cobalt. Additionally, the improved performance of PyS~2~ and (Ni~0.41~Co~0.59~)S~2~ (relative to that of NiS~2~) and (Fe~0.48~Co~0.52~)S~2~ (relative to that of FeS~2~) suggests that alloying may also be an effective method for enhancing electrocatalytic activity. The structural disorder introduced through alloying could lead to a proliferation of active sites for catalysis, and the electronic interaction of multiple metal species may synergistically enhance intrinsic activity,^[@ref8]^ perhaps in the same way that amorphous MoS~*x*~ can exhibit intrinsic electrocatalytic activity toward the HER rivaling or even surpassing that of crystalline MoS~2~.^[@ref16],[@ref17]^ Together, these conclusions suggest simple pathways toward improving the performance of the pyrite-phase transition metal disulfide electrocatalysts and have implications for other families of transition metal compound electrocatalysts.^[@ref8]^

Electrocatalytic Performance of Pyrite Thin Films toward Polysulfide Reduction {#sec3.3}
------------------------------------------------------------------------------

Considering the high electrocatalytic activity of CoS~2~ toward polysulfide reduction^[@ref26],[@ref39]^ and the demonstrations here of the HER activity of other pyrite-phase transition metal disulfides, we probed the electrocatalytic activity of FeS~2~, NiS~2~, and PyS~2~ thin films toward polysulfide reduction and compared their performance to that of CoS~2~. The electrocatalyst thin films used in these characterizations were prepared on glass supports coated with a ∼180 nm thick film of conducting CoS~2~ ([Experimental Methods](#sec2){ref-type="other"}). Cobalt pyrite was selected as the conductive electrocatalyst thin film support because of both its insensitivity to the thermal sulfidation conditions necessary to synthesize the FeS~2~, NiS~2~, and PyS~2~ thin films as well as its known chemical compatibility with the sulfide/polysulfide electrolyte.

By use of these thin film electrodes, symmetrical electrochemical cells were assembled and filled with sulfide/polysulfide electrolyte ([Experimental Methods](#sec2){ref-type="other"}). The performance of each electrocatalyst thin film was assessed in the symmetrical cell configuration using both cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) techniques ([Experimental Methods](#sec2){ref-type="other"}). Remarkably, all of the pyrite-phase transition metal disulfide thin films show both good stability and high activity toward polysulfide reduction (Figure [6](#fig6){ref-type="fig"}a). Moreover, both the PyS~2~ and, to a lesser extent, NiS~2~ films exhibit performance superior to that of CoS~2~, as indicated by higher current densities across the full range of applied overpotentials. The FeS~2~ films, however, show performance inferior to that of the CoS~2~ films.

![Electrochemical characterization of the pyrite-phase FeS~2~ (black traces and circle markers), CoS~2~ (red traces and square markers), NiS~2~ (blue traces and down-pointing trianges), and PyS~2~ (green traces and up-pointing triangles) electrocatalyst thin films prepared on CoS~2~/glass electrodes toward polysulfide reduction in symmetrical electrochemical cells. (a) Cyclic voltammetry and (b) electrochemical impedance spectroscopy characterization of the symmetrical cells. The inset circuit diagram in panel b shows the equivalent circuit model used to fit the experimental data, with the results of these fittings shown as solid line traces.](jp-2014-06288w_0006){#fig6}

To understand the performance trends observed in the CV measurements, EIS was performed at the open circuit potential for each symmetrical cell device. The Nyquist plots shown in Figure [6](#fig6){ref-type="fig"}b permit extraction of the series resistance (*R*~s~) and charge-transfer resistance (*R*~ct~) associated with each symmetrical cell device by fitting the experimental data to an equivalent circuit model (inset). The results of these fittings are displayed in Table [2](#tbl2){ref-type="other"}. The *R*~s~ extracted for each electrode provides information about the electrical transport properties of each pyrite-phase electrocatalyst. Owing to its metallic conductivity, CoS~2~ shows the lowest *R*~s~; conversely, semiconducting FeS~2~ shows the highest *R*~s~, which supports the observation of lower current densities at high overpotentials in Figure [6](#fig6){ref-type="fig"}a. NiS~2~ exhibits an intermediate *R*~s~ that is slightly higher than that of PyS~2~, which may have higher conductivity than NiS~2~ due to the minor presence of other metal sulfide species. More importantly, the values of *R*~ct~ provide information about the relative activity of the different pyrites toward polysulfide reduction. The CoS~2~ thin films show a value of *R*~ct~ similar to what has been previously reported,^[@ref26],[@ref39]^ and remarkably, the *R*~ct~ for FeS~2~ is quite comparable, indicating nearly equivalent levels of intrinsic activity toward polysulfide reduction. The *R*~ct~ of NiS~2~, however, is the lowest, suggesting its superior activity toward polysulfide reduction. This observation is perhaps consistent with the low Tafel slope of NiS~2~ associated with HER electrocatalysis. This *R*~ct~ is still higher than that of the state-of-the-art reduced graphene oxide--cuprous sulfide (RGO--Cu~2~S) composite electrocatalyst that enables the highest QDSSC solar light-to-electricity conversion efficiencies.^[@ref50]^ The *R*~ct~ of PyS~2~ is higher than that of NiS~2~, perhaps because of iron alloying, but still lower than that of CoS~2~. Coupled with its low *R*~s~, PyS~2~ enables the highest performance seen in the CV characterizations. These results indicate that, as in the case of HER electrocatalysis, multiple pyrite-phase transition metal disulfide compounds exhibit high activity toward polysulfide reduction. Furthermore, NiS~2~ possesses the highest intrinsic activity (even higher than that of CoS~2~), suggesting that its incorporation into QDSSC devices as the counter electrode electrocatalyst (perhaps as a composite with a conductive support, such as RGO, that facilitates electron transport) could enable improved solar light-to-electricity conversion efficiencies. Similarly, with the high activity of FeS~2~, CoS~2~, NiS~2~, and other transition metal sulfide phases toward triiodide reduction already documented,^[@ref26],[@ref34],[@ref35],[@ref42],[@ref46],[@ref47],[@ref51],[@ref52]^ the trends observed here could potentially inform the development of improved pyrite-phase electrocatalysts for DSSC counter electrodes.

###### Summary of the Electrochemical Properties of the Different Pyrite-Phase Thin Film Electrocatalysts for Polysulfide Reduction

  electrode       *R*~s~ (Ω)   *R*~ct~ (Ω cm^2^**)**
  --------------- ------------ -----------------------
  FeS~2~/CoS~2~   35.7         31.1
  CoS~2~/CoS~2~   15.0         30.9
  NiS~2~/CoS~2~   25.2         20.5
  PyS~2~/CoS~2~   19.4         24.1

Summary and Perspectives {#sec4}
========================

In conclusion, we have demonstrated that both binary and alloyed pyrite-phase transition metal disulfide thin films can be prepared directly on graphite or glass substrates through the facile thermal sulfidation of metal precursor films and that these transition metal pyrite thin films are highly efficient HER and polysulfide reduction electrocatalysts. Current density--voltage characterizations of these pyrite-phase electrocatalyst thin films show the onset of H~2~(g) evolution at low overpotentials competitive with other earth-abundant electrocatalysts. The trends in their performance suggest that cobalt might play a special role in enhancing HER electrocatalytic performance. Additionally, Raman characterization of the alloy thin films confirms their increased structural disorder, which may contribute to their improved electrocatalytic performance. Furthermore, thin films of FeS~2~, NiS~2~, and PyS~2~ were found to efficiently catalyze polysulfide reduction, with the intrinsic activity of NiS~2~ exceeding that of CoS~2~. The general electrocatalytic activity of the pyrite-phase transition metal disulfides implies that a common feature might impart such activity. In addition to the effects of the transition metal cation on electrocatalytic activity reported here, the disulfide anions (S~2~^2--^) present in all pyrite structures could be important for their high electrocatalytic activity toward the HER. Indeed, the disulfide-terminated edges of MoS~2~ and other layered transition metal dichalcogenides have been identified experimentally^[@ref53]^ and pursued in molecular mimics^[@ref54],[@ref55]^ as the active sites for HER electrocatalysis, again suggesting a catalytic role for disulfide. The abundance of disulfide-terminated surface sites in the pyrite crystal structure could contribute to the superb and general electrocatalytic activity of the pyrite-phase transition metal disulfides; however, additional mechanistic studies are required to establish such a relationship. Nevertheless, the trends observed in the electrocatalytic activity of these pyrite-phase thin films toward both the HER and polysulfide reduction suggest potential strategies for further boosting their performance in these and potentially other electrocatalytic and renewable energy applications.
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